PURPOSE. We compared the choroidal thickness of the eyes of patients with acute primary angle-closure (APAC) with fellow eyes in the same patients.
A cute primary angle-closure (APAC) is a well-known ophthalmic emergency, with typical symptoms and clinical signs, such as sudden onset of ocular discomfort or pain, subjective blurring of vision, and sudden and excessive increases in IOP. Eyes with APAC have important biometric differences compared to healthy eyes, such as a shallower anterior chamber, thicker lens, smaller corneal diameter, anterior lens-iris diaphragm, and shorter axial length. 1 Fellow eyes of patients presenting with APAC are at risk of a similar attack because of the similar anatomic structure in both eyes. The predominant mechanism in the development of APAC is increased resistance, which is caused by relative pupillary block preventing the aqueous humor from flowing through the pupil. 2 Recent interest has focused on the choroid as an important structure involved in the pathophysiology of APAC. 3 If the choroid has an important role in APAC eyes, choroidal thickness may be a crucial clinical measurement indicator. Using enhanced depth imaging optical coherence tomography (EDI-OCT) enables visualization and measurement of the choroidal thickness without invasive examination. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Our research group has studied the choroidal thickness in normal Chinese subjects 14 and in the fellow eyes of APAC 15 patients using this technique.
In our study, we focused on the choroidal thickness in APAC eyes. When an eye suffers an APAC attack, the EDI-OCT is affected by the opacity of the refractive media, and it is not possible to obtain a clear image. Thus, only patients whose IOP had decreased, and where the optical media had cleared following treatment with adjunctive glaucoma medications or anterior chamber paracentesis were enrolled in the study. The choroidal thickness of the APAC eyes was compared to that of fellow eyes meeting a diagnosis of primary angle-closure suspect (PACS).
METHODS

Subjects and Enrollment Criteria
This prospective, comparative study was approved by the Ethical Review Committee of Zhongshan Ophthalmic Center, and adhered to the provisions of the Declaration of Helsinki for research involving human subjects. Written informed consent was obtained from all participants involved in the study. All subjects were from a Chinese Han population.
All enrolled glaucoma patients fulfilled the following inclusion criteria: Subjects were >18 years old, one eye had experienced APAC when the IOP was decreased and when the optical media had cleared following treatment with adjunctive glaucoma medications or anterior chamber paracentesis, the fellow eyes diagnosed with PACS had clear ocular media, and a clear image was obtained to enable precise measurement of the choroidal thickness. APAC was defined according to the following criteria: 16 Presence of at least two of the following symptoms to ocular or periocular pain, nausea and/or vomiting, and an antecedent history of intermittent blurring of vision with halos; presenting IOP of at least 22 mm Hg (as measured by Goldmann applanation tonometry) and the presence of at least three of the following signs to conjunctival injection, corneal epithelial edema, mid-dilated unreactive pupil, and a shallow anterior chamber; and the presence of an occluded angle in the affected eye, verified by gonioscopy. PACS is defined as a pigmented trabecular meshwork in the eye not visible for ‡1808 under static gonioscopy (Goldmann), with an IOP lower than 21 mm Hg, and without peripheral anterior synechiae or glaucomatous neuropathy. 17 All eyes underwent an ultrasound biomicroscopy (UBM) examination to confirm the existence of a narrow-angle pupillary block component. The choroidal thickness of all APAC eyes scheduled for peripheral iridectomy, iridoplasty, or trabeculectomy and their fellow PACS eyes scheduled for prophylactic peripheral iridectomy were measured by EDI-OCT. All EDI-OCT measurements were performed before these procedures.
EDI-OCT cannot obtain a clear image when an affected eye suffers an attack resulting in media opacity. Thus, only patients whose optical media had cleared following adjunctive therapy and from whom clear EDI-OCT images could be obtained, in addition to fellow eyes fitting a diagnosis of PACS, were recruited prospectively and consecutively for this study between October 2011 and September 2012.
The adjunctive therapy for the APAC eyes included antiglaucomatous medications and anterior chamber paracentesis. The treatment was standardized as follows: topical bblocker (timolol 0.5%) twice daily and/or brimonidine (Azopt; Alcon Laboratories, Elkridge, MD), and/or topical alpha-2 agonists (Alphagan; Allergan, Inc., Irvine, CA); topical pilocarpine 1% four times daily; topical steroids; oral acetazolamide 250 mg three times daily; and intravenous mannitol 20% at 1 to 2 g/kg four hours after the initiation of the treatment if the IOP was not reduced by 20% from the initial IOP, unless contraindicated by systemic disease (e.g., congestive heart failure).
Patients with any of the following criteria were excluded: a secondary acute attack because of lens subluxation, uveitis, iris neovascularization, trauma, tumor, or any obvious cataract leading to an intumescent lens; diabetes or systemic hypertension; a history of intraocular surgery; inability to tolerate gonioscopy or UBM examination; high myopia or hyperopia with a spherical equivalent refractive error (greater than þ3 or À3 diopters [D]); any retinal or RPE detachment; any retinal abnormalities, such as choroidal neovascularization, asymptomatic pigment epithelial detachment, or whitish myopic atrophy; clinically relevant opacities of the optical media and low-quality images due to unstable fixation or severe cataract.
Examination
All eyes of the subjects underwent a thorough ophthalmic evaluation, including slit-lamp biomicroscopy, IOP measurement (applanation tonometry), gonioscopy, fundus examination, UBM, and B-scanning. They also underwent refractive error examination using an autorefractometer (KR-8900 version 1.07; Topcon Corporation, Tokyo, Japan) and axial length measurements using partial optical coherence interferometry (IOL-Master; Carl Zeiss Meditec, La Jolla, CA). The central anterior chamber depth (ACD), defined as the distance from the posterior corneal surface to the anterior crystalline lens surface; the lens thickness (LT), defined as the distance from the anterior to the posterior lens surface; and the vitreous chamber depth (VCD), defined as the distance from the posterior lens surface to the inner limiting membrane, were measured by A-mode ultrasonography (CINESCAN; Quantel Medical, Clermont-Ferrand, France). All repeat measurements used the median for the analysis. Demographic data, such as age, sex, and blood pressure at imaging, were collected.
EDI-OCT Examination
A single experienced ophthalmologist masked to the clinical diagnosis of the patient performed the EDI-OCT examinations.
Choroidal imaging was performed using a Heidelberg Spectralis instrument (Heidelberg Engineering, Heidelberg, Germany). Choroid imaging was averaged for 100 scans using the device's automatic averaging and eye-tracking features. For measurements of the macula and the peripapillary choroidal thickness, horizontal and vertical sections going directly through the center of the fovea and the optic disk were selected (Figs. 1, 2). A 3608, 3.4 mm diameter peripapillary circle scan also was performed, using the standard protocol for choroidal thickness assessment ( Fig. 2 ). 18 The resultant images were viewed and measured with Heidelberg Eye Explorer software (version 1.5.12.0; Heidelberg Engineering). Keratometry readings and the most recent refraction were entered into the software program to estimate the optical magnification; therefore, allowing more accurate comparisons across individuals. The choroid was measured from the outer portion of the hyperreflective line corresponding to the RPE of the inner surface of the sclera. The thickness of the retina was measured from the most anterior hyperreflective line, which corresponds to the inner limiting membrane, to the center of the most posterior hyperreflective line, which corresponds to the inner limiting membrane to RPE. Measurements were taken of the subfovea, and at 1 and 3 mm to the fovea superiorly, inferiorly, temporally, and nasally. The choroid was measured by two independent graders who were blinded to the diagnosis. If the difference in the thickness measurements of the two examiners exceeded 15% of the mean of the two values, there was open adjudication with the senior author. 19, 20 The values of the measurements were compared for each observer and then averaged for analysis. The images were obtained with the best visualization of the border between the choroid and the sclera, known as the choroidal-scleral interface (CSI). If neither image had a clearly identifiable CSI, additional images were taken to produce the best possible view of the CSI.
The peripapillary choroidal thickness in the superior, inferior, nasal, and temporal quadrants also was measured. Two measurements were taken in each of the four quadrants at 1 mm intervals along the line of the RPE. For example, the first measurement was made close to the optic nerve at 1 mm distal to the beginning of the RPE, and the second measurement was taken 2 mm away from the beginning of the RPE. A peripapillary circle scan was performed, and the retinal and choroidal thicknesses were delineated manually using the Heidelberg Eye Explorer software (introduced above).
The macular and the peripapillary retinal thickness also were measured using the same methods mentioned above.
Statistical Analysis
Based on data from our previous study, 15 11 pairs of eyes would be required to detect a significant difference in thickness of at least 81.74 lm between APAC eyes and fellow eyes at a significance level of 0.05 and a power of 0.90, for an SD of 72.37 lm. The data were processed and analyzed statistically using SPSS for Windows XP (Version 13.0; SPSS, Chicago, IL). For the comparison between the two different groups, a paired t-test was used to evaluate differences in the average between the normal distributed data. A Bonferroni adjustment for multiple comparisons was applied to all pairwise comparisons. For the macular choroidal thickness, a P value <0.005 was considered significant. A P value <0.008 was considered significant for the choroidal thickness of the peripapillary region. Independent variables for the multivariable regression model with a clustering level at the individual level were chosen using the stepwise selection method, with the criterion for inclusion in the model set at a probability value of 0.10. For all the tests except the macular and peripapillary comparisons, P < 0.05 was considered to be significant.
RESULTS
Demographic and Baseline Characteristics of the Patients
Six patients were excluded because a clear OCT image could not be obtained due to a lack of clarity in the optical media, despite a decrease in the IOP. One case was excluded because the border between the choroid and sclera could not be visualized, although the optical media was clear. Finally, 21 Chinese patients (21 pairs of eyes) with unilateral APAC and fellow eyes defined as PACS with high-quality OCT images were analyzed. The mean age of the patients was 57.7 years (SD 6 11.3 years, range 38-78 years). The study included 15 females and six males. The mean number of days that the patients had experienced APAC in one eye was 6.5 (SD 6 2.4 days, range 3-9 days). The demographic and baseline characteristics of the patients are summarized in Table 1 .
The mean spherical equivalent was 0.6 D (SD 6 1.4 D) in the APAC eyes and 1.0 (SD 6 1.3 D) in the PACS eyes. The mean axial lengths of the APAC and PACS eyes were 22.3 mm (SD 6 0.9 mm) and 22.2 mm (SD 6 0.9 mm), respectively. All data are summarized in Table 2 . There were no significant differences in any of the variables between the two groups.
Choroidal Thickness in the Macular Region
The mean macular choroidal thickness was greatest at the subfovea for both groups. It decreased in vertical and horizontal sections, and reached a minimum of 3 mm from the fovea. The mean subfoveal choroidal thickness was 349.0 lm (SD 6 78.1) in the APAC eyes and 308.1 lm (SD 6 70.5) in the PACS eyes, with a statistically significant difference (P < 0.05). The nasal choroidal thickness was thinnest, and the superior choroidal thickness was thickest in all quadrants. Table 3 shows the mean choroidal thickness at each macular location in both groups. The macular choroidal thickness was significantly greater in the APAC eyes than in the PACS eyes at all locations except at 1 mm, 3 mm superior, 3 mm inferior, and 3 mm temporal from the fovea (P < 0.005). The mean choroidal thickness was plotted for each location, measured along the horizontal and vertical sections (Fig. 3) . The subfoveal choroidal thicknesses (SFCTs) of all the subjects are shown in Figure 4 .
Choroidal Thickness in the Peripapillary Region With Line Scans
The peripapillary choroidal thickness in both groups is shown in Table 4 . The peripapillary choroidal thickness at all locations in the APAC eyes was greater than that in the PACS eyes; however, none of the locations reached statistical significance. In the horizontal and vertical sections, both groups showed comparable trends, with the choroidal thickness being thinnest in the inferior peripapillary region and increasing moving distally from the optic disc.
Choroidal Thickness in the Peripapillary Region With 3608 Circle Scans
With the 3608 circle scans, the peripapillary choroidal thickness of all segments in the APAC eyes was greater than that in the PACS eyes, but neither reached statistical † Calculated as the differential pressure between DBP and IOP. ‡ Calculated as the differential pressure between SBP and IOP. § Calculated as the differential pressure between mean BP and IOP (mean
significance (all P > 0.05). In both groups, the choroidal thickness of the inferior segment was the thinnest of all segments. Table 5 shows the average choroidal thickness of the peripapillary segment in both groups with the circle scans.
Retinal Thickness in the Macular and the Peripapillary Region
The mean retinal thickness was smallest at the fovea for both groups. Compared to the PACS eyes, the APAC eyes showed no statistically significant difference in the retinal thickness at any macular or peripapillary location or segment (all P > 0.05).
Stepwise Multiple Regression Analysis
We performed stepwise analysis to determine factors associated with the subfoveal choroidal thickness. The model was fitted with the diagnosis, age, and diastolic blood pressure variables. An APAC diagnosis (APAC eyes with a subfoveal choroidal thickness that was, on average, 39.7 lm thicker than that of the PACS eyes), age, and diastolic blood pressure were associated commonly with the subfoveal macular choroidal thickness (all P < 0.05). There was no association between the 
DISCUSSION
In our study, using EDI-OCT, we investigated the choroidal thickness of APAC eyes within the macula and peripapillary regions by comparing the measured values with those of the fellow eyes. To the best of our knowledge, this is the first time that high-quality imaging modalities have been used to compare the choroidal thickness between APAC eyes and the fellow eyes. The study found that the APAC eyes demonstrated an average subfoveal choroidal thickness of 349.0 lm (SD 6 78.1), whereas the fellow eyes had an average thickness of 308.1 lm (SD 6 70.5). We first showed that the mean SFCT was significantly greater in the APAC eyes than in the fellow eyes. More importantly, unlike other studies, we set strict recruitment and exclusion criteria in our study. Our data are highly comparable in terms of the patients recruited, with the demographic and baseline characteristics of the groups closely matched. Based on the data, we concluded that the macular choroidal thickness in APAC eyes is greater than in fellow eyes. As is well known, fellow eyes of patients presenting with APAC are at risk of a similar attack developing because of the similar anatomic structure in both eyes. 21 We examined biometric parameters of all affected and fellow eyes. The parameters included choroidal and retinal thickness, axial length, ACD, LT, VCD, and spherical equivalent. Our findings showed that the choroidal thickness in the APAC eyes in the macular area was significantly thicker compared to that of the PACS eyes at most of the locations. The mean choroidal thickness of the APAC eyes also was greater than that of the PACS eyes at all peripapillary locations or segments. Conversely, within the APAC eyes, there was no difference in the axial length, ACD, LT, VCD, spherical equivalent, and retinal thickness between the two groups. From the ocular anterior segment to the posterior segment, the affected and fellow eyes all had similar anatomic features, except the choroid thickness. This raises the question of what caused the greater choroidal thickness in the APAC eyes compared to the fellow eyes.
In our study, we should be conscious that the choroidal thickness in all the APAC eyes was measured when the IOP decreased from an extraordinary high IOP mean of 49.1 6 11.4 mm Hg to a mean of 16.1 6 3.7 mm Hg. As is well known, the choroid is a highly vascular structure, which has one of the highest ratios of blood flow to tissue volume in the body. 22 We speculated that the sudden decrease in the IOP may have caused choroidal hypertransfusion and that the engorgement of the choroidal vessels may have a role in the greater choroidal thickness. A previous study found that in eyes suspected of having PAC, an acute increase in IOP accompanies choroidal thinning, 23 thereby indirectly confirming our hypothesis.
The finding of greater macular choroidal thickness in the APAC eyes compared to the fellow eyes is novel and has not been reported previously to our knowledge. The fellow eyes showed a greater level of choroidal thickness compared to normal subjects in our previous study and in another study. 15, 24 However, we cannot fully explain the reason for this observation. The increase in the choroidal thickness noted in the APAC and fellow eyes suggested that it essentially may be a bilateral genetic disorder. In addition to the shallow anterior chamber, shorter axial length, small corneal diameter, radius of curvature, and increased LT, the increased choroidal thickness might be another anatomic characteristic of APAC and fellow eyes. A greater choroidal thickness might be associated with a higher incidence of acute attacks. However, we feel that a more extensive, population-based study, for example, is needed to conform or to refute this finding. More useful information might be gained by capturing EDI-OCT images of patients before they experience an attack of APAC in a population-based study and subsequent images when these patients suffer the attack and after the attack (when the IOP is decreased). Uveal effusion might be another potential source of the greater choroidal thickness in APAC eyes. A prospective, consecutive case series study of APAC and unaffected fellow eyes found that uveal effusion diagnosed by UBM is prevalent in APAC. 25 Inflammation, hypotony, sudden IOP reduction, and/or drug therapy with acetazolamide may contribute to the prevalence of uveal effusion in APAC eyes. However, that study was unable to show changes in the posterior choroid or to measure the choroidal thickness because of the limitation of UBM. The use of EDI-OCT could compensate for this limitation, making it possible to examine the overall posterior polar choroid with 6 mm diameter. We found that the choroidal thickness in the macular region in the APAC eyes was thicker at all locations compared to the fellow eyes, indicating that the choroid is thickened diffusely. It is likely that the greater choroidal thickness may be related to uveal effusion. In fact, Harada et al. found that idiopathic uveal effusion syndrome could be detected by EDI-OCT. 26 The hypothesis of Quigley et al. also may explain partly this phenomenon. 3 According to this hypothesis, choroidal expansion has an important role in APAC. The choroidal expansion might be present before and contribute to the greater choroidal thickness in APAC. The expansion may be due to an increase in the volume of the extravascular choroid space. In other words, an increase in the choroidal volume would increase the IOP coincident with the expansion. Then, as aqueous humor leaves the anterior chamber, a pressure differential would develop between the vitreous cavity and the posterior chamber, on the one hand, and the anterior chamber, on the other. This may worsen the pupil block. 3, 27, 28 If the thickening choroid is the result of choroidal expansion, the question is whether the choroidal thickness continues to expand over time and at what point it returns to a thinner choroid, more like that in the fellow eye. Repeated measurements of the choroidal thickness after the IOP has decreased might help us to understand the choroidal expansion more clearly.
Antiglaucoma eye drops are another important factor that might influence the choroidal thickness. In our study, most of the APAC eyes had received such drops, but the fellow eyes had not. These eye drops potentially may have resulted in the change in the choroidal structure. Several studies have proven that some antiglaucoma agents, such as topical alpha-2 agonists, acetazolamide, and dorzolamide, can increase the choroidal blood flow. [29] [30] [31] In the multivariable regression model, we found that age and diastolic blood pressure also were associated with the choroidal thickness, but not with the axial length as reported in other studies. 32, 33 The relatively small sample size may explain this discordance. Interestingly, in our study, diastolic blood pressure was associated independently with the choroidal thickness. Not enough literature studies had reported such an association previously. Further research is required to shed light on this issue.
Our study has some limitations. First, the measurements of the choroidal thickness were performed manually, and automated software will be required for a more objective evaluation. Second, the sample size was limited. However, the study enrolled 21 pairs of eyes, and it was estimated that 11 pairs were sufficient to draw a significant difference, with a 90% power. When considering the relative sample size, we believe that the strict inclusion criteria for patients, and the close matching of the APAC and PACS eyes should be taken into account. Third, in our assumptions and speculations, we considered the change in the posterior choroid to be a general change that was distributed proportionately throughout the choroid. However, it is possible that only segmental changes in the choroidal thickness occurred. Further research is required to elucidate these issues.
CONCLUSION
In conclusion, the choroidal thickness in the macular region was greater in the APAC eyes than in the PACS eyes when the IOP was reduced. Unfortunately, we still may not conclude that the choroidal thickening was present before or during the attack. Thus, the source of this difference remains unclear.
